The flow and heat transfer of NH3 and He have been studied in a rotating disk system with applications to chemical vapor deposition reactors. The flow field and disk heat flux were obtained over a range of operating conditions. Comparisons of the disk convective heat transfer were made with the infinite rotating disk results to appraise uniformity of transport to the disk. Important operating variables in a rotating disk reactor include disk spin rate, disk and enclosure temperatures, flow rate, composition, pressure, and temperature of the gas mixture at the reactor inlet. These variables were studied over ranges of the primary dimensionless variables: the spin Reynolds number, Re,, the disk mixed convection parameter, MCPd and a new parameter, the wall mixed convection parameter, MCP,. Inlet velocities were set to the corresponding infinite rotating disk asymptotic velocity. Results were obtained primarily for NH3. These results show that increasing Re, from 314.5 to 3145 increases the uniformity of the rotating disk heat flux and results in thinner thermal boundary layers at the disk surface. At Re, = 314.5, increasing MCPd to 15 leads to significant departure from the infinite disk result with nonuniform disk heat fluxes and recirculating flow patterns; the flow becomes increasingly complex at larger values of MCPd. At the larger value of Re, of 3145, the results are closer to the infinite disk for MCPd up to 15. For large negative (hot walls) and positive (cold walls) values of MCP,, the flow recirculates and there is significant deviation from the infinite disk result; nonuniformities occur at both values of Re,. The influence of MCP, on flow stability is increased at larger MCPd and lower Re,. In order to determine the influence of variable transport properties (i. e. viscosity and thermal conductivity variation with temperature), calculations were made with He as well as NH3; He transport property variation is low relative to NH3. The results show that the flow of NH3 is less stable than that of He as MCPd is increased for MCP, = 0 and Re, = 314.5.
and convection between the gas and growth surface especially when deposition takes place near atmospheric pressure levels. CVD reactors are often designed to permit a stable, uniform and continuous flow of reacting species to the growth surface. Recirculation of the gas due to geometry and/or buoyant effects can have a strong influence on the uniformity of the heat and mass transfer and consequently the deposition.
The rotating disk reactor (RDR) takes advantage of the uniform transport properties characteristic of an infinite rotating disk in an infinite medium (see e.g. Evans and Greif [l] ). In an infinite rotating disk flow, the heat and mass transfer to the rotating surface are said to be "ideal" in that these quantities are one-dimensional ( i e . , varying only with the coordinate normal to the disk). The typical RDR consists of a heated growth substrate on top of a spinning disk of finite radius oriented normal to the bulk gas flow direction. Spinning the disk minimizes circumferential deposition variations and induces a flow to the growth surface, which can lead to thinner boundary layers and improved uniformity over a larger radius.
Breiland and Evans [2] have shown that RDRs can be operated under conditions where nearly ideal, onedimensional, infinite-radius disk behavior is achieved over most of the disk surface. Deviations from the ideal flow behavior may result from the effects of variable properties, reactor geometry, gas flow rates, thermal boundary conditions, and variations in gas composition at the reactor inlet. Previous studies by Evans and Greif [3, 41, Patnaik et al. [5] , Fotiadis et al. [SI, and Chou and Gong [7] have examined these effects for a single component gas in a RDR. Palmateer et al. [8] and Winters et al. (9, 101 have examined convective instabilities under isothermal conditions resulting from binary gas mixing at the reactor inlet.
The present work examines, for the first time, the effects of gas properties (two gases are studied) and reactor wall temperature; a new parameter for characterizing RDR flows is introduced, namely, a wall mixed convection paramter, MCP,. This parameter shows the dramatic effect of wall temperature on the flow stability and convection heat transfer. In addition, the effects of the large variation of the transport properties of NH3 (a gas frequently used for depositing nitride films) is shown by comparing results obtained for He, another CVD carrier gas that has a smaller variation in properties. Results are presented in terms of common RDR flow parameters including the spin Reynolds number, Re,, and the disk mixed convection parameter (Mcpd). The wall mixed convection parameter, MCP,, is varied to study the effect of reactor wall temperature on flow stability and convective heat transfer. The reactor performance is quantified by examining radial variations in the disk heat flux, normalized by the ideal infinite rotating disk heat flux.
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A cylindrical reactor of radius f , and height Econtains a spinning disk of radius i=d located a distance b from the top inlet (cf. Figure 1 ). The incoming flow consists of a single component ideal gas, either NH3 or He, with a uniform inlet velocity, Ei,.
The dimensionless, steady, variable property, cylindrical, axisymmetric conservation equations of mass, momentum and energy for low Mach number flow, neglecting viscous dissipation and Dp/Dt (pressure work) in the energy equation, are:
where f = w/r in equation ( White [ll] ) for a rotating disk has been used: , / = for the axial component of velocity, i=d Z for the radial and circumferential components of velocity, d -3 for the axial coordinate, and i=d for the radial coordinate, where symbols with overbars represent dimensional quantities. The dimensionless temperature
(5 is the disk spin rate; ij,p, p,zp, and
The boundary conditions are:
where the inlet Reynolds number, Rei, := 2FoEin/Fing A = Fo/Fd , and for an ideal gas, the disk Grashof number, Grd = ?j(Td -Fin)Fd the wall Grashof number, Gr, = ?j(Tin -T,)(2F0 )3/(FinF:n), the disk mixed convection parameter, MCPd = Grd/ReW3/', the wall mixed convection parameter, MCP, = Grw/Rein2. In the current study, Rei, is not an independent parameter because we consider only cases where the inlet velocity is set equal to the asymptotic velocity for an infinite rotating disk Tiin = C m , which gives ui, = C, where C is a function of the inlet temperature, Ti,,, the disk temperature T d and the gas (see e.g. [3] ). Thus in this study, Rei, = 2 A C G , and the dimensionless reactor wall temperature is
€ally developed conditions are applied at the outflow boundary.
Numerical method
The equations are integrated over control volumes and discretized using the hybrid differencing scheme [12] .
The SIMPLER method is used to determine the pressure, p,. A sequential iterative line relaxation scheme is used to solve the equations. Underre1ax;ition factors (0.05-0.6) were used for the momentum and energy conservation equations; no underrelaxation was applied to the pressure equation. Iterations were continued (typically 5,000) until changes in the convective heat flux at the disk surface (the most sensitive quantity)
were negligible. Computational times were one to several hours on an SGI Challenge computer. A more detailed description of the numerical method is given in reference (131.
Grid Sensitivity
All of the results discussed here were obtained on a nonuniform grid of 80 by 40 control volumes in the x and r directions, respectively, between the inlet and the disk, with finer grid spacings near the rotating disk ( x = 0). The control volumes were distributed over three computational regions (one bounded by the inlet and the disk, a second adjacent to the first blounded by the inlet and the beginning of the annular exit, and a third for the annular exit). A nonuniform grid of 25 by 10 control volumes in the x and T directions was used for the annular exit. Calculations were also rnade on a nonuniform x, T grid of 50 by 40 control volumes above the disk. Results for the disk heat flux differed by less than 5% for the two grid distributions. Furthermore, the fine grid resolution of the rotating disk boundary layer was deemed adequate because the results of the numerical calculations at the centerline ( r := 0) differed from the similarity solution [14] for the flow over an infinite rotating disk by less than 2%. Deviations greater than 2% tended to occur only at the edges of the disk unless buoyancy or the development of sidewall boundary layers disturbed the "onedimensional" nature of the heat flux over the disk.
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Results were obtained for the system shown in Figure 1 . This system is representative of typical RDR's and is similar, if not identical to, geometries studied previously in [3, 4, 9, lo] . Results are presented using the dimensionless groups defined in the previous sections, i.e. the spin Reynolds number, Re, = i = d 2~S /~i n r the disk mixed convection parameter, MCPd = Grd/ReW3l2, and a new parameter for characterizing RDR flows, the wall mixed convection parameter, MCP, = Grw/Rein ' . A fourth parameter, the inlet Reynolds number, Rei, = 2F,.,iiin/i7in, normally an independent parameter, is not independent in this study because the inlet velocity was selected to be the "natural drawing velocity" computed from the infinite rotating disk solution [14] for the same operating conditions. Under these circumstances, it can be shown that Rei, is directly related to Re, (see Section 3). Variations in another independent parameter, the Prandtl number, Pr, were not considered since the Prandtl numbers for common carrier gases in RDRs are nearly equal 
The Ideal Reactor
While stable reactor flows are not always "sufficient" to produce uniform CVD, flow stability and uniformity are often ''necessary" for many processes. One measure of reactor flow suitability is how well the disk heat flux compares to the corresponding "ideal" infinite rotating disk heat flux, qID which is defined as:
Because RDRS have finite disk diameters, deviation from the ideal flow is unavoidable at the disk edges due to two-dimensional effects. For geometries like the one shown in Figure 1 , the disk heat flux usually exceeds the ideal value at the disk edges due the local flow acceleration which accompanies the flow into the narrow exit channel. However, under stable operating conditions, it is reasonable to expect the RDR flow to approximate the ideal flow over a large portion of the disk. The mixed convection parameters were unchanged (MCPd = 1.3 and MCP, = 0) and the gas was NH3.
Note that Tiin, the dimensional inlet velocity, is smaller for the larger Re,. This occurs because MCPd is kept constant at 1.3 for both Re, and Re,, was increase by increasing ij, increasing P, and decreasing Zin.
Increasing Re, increases the induced flow rate due to the rotating disk. This results in a thinner thermal boundary layer adjacent to the disk (Figure 4 (a) compared to Figure 2 (a) ) and increases the disk heat flux.
Heat flux uniformity has also improved. Here again, the flow retains its nearly 1-D appearance until the disk mixed convection parameter is increased to 10. The effect of the departure from ideal flow is seen in Figure 9 . For MCPd = 10, the heat flux near the centerline shows a slight increase (2 %) above the 1-D result. Heat flux uniformity is also affected. Increases in the disk MCP beyond 15 are likely to produce even greater departures from the 1-D behavior. However, the steady recirculating flow patterns observed for MCPd > 10 and Re, = 314.5 (see e.g. Figure 6 (c-d))
could not be verified for Re, = 3145 because the flow became unsteady and convergence to a steady result was not obtained. Note: Subscripts indicate properties evaluated at 400 K and 1300 K. 
The Influence of

4.4
The Influence of Variable Gas Properties Table 1 shows transport property and Prandtl number variations for common RDR gases evaluated at 400 and 1300 K. These values were obtained from reference [16] . Prandtl numbers for the common carrier gases are nearly equal and constant over the te.mperature range considered here. Hence, if it could be shown that variations of the transport properties with temperature are unimportant, the results presented in the previous sections apply for all the common carrier gases.
TO determine the influence of variable transport properties, several calculations were repeated using He in place of NH3. Note that the largest variation in transport properties for the gases shown in Table 1 occurs for NH3, the least for He. Figure 15 shows flow and temperature fields and disk heat flux profiles for
He and NH3 at a spin Reynolds number of 314.5 and for disk mixed convection parameters of 10 and 15.
In all cases MCP, = 0 and the inlet velocity was set equal to the infinite rotating disk asymptotic velocity result for the particular gas (NH3 or He). Using the asymptotic velocity caused Rei, for the NH3 and He calculations to be slightly different (47 for NH3 and 42 for He). Results at MCPd = 10 show 1-D behavior for both He and NH3. However, the variable transport properties for NH3 have caused the thermal boundary layer to be nearly twice that of He. This is evident from the color filled temperature contours in Figure 15 (a). This trend was also observed for all calculations made at MCPd < 10 (results not shown here). At MCPd = 15 NH3 exhibits a significant departure from 1-D flow with nonuniform heat transfer and strong recirculating flow. In contrast, the He flow resembles the 1-D result with only a slight nonuniformity in the disk heat flux.
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5 Conclusions
The flow and heat transfer of NH3 and He have been studied for a typical RDR geometry. The study extends earlier results by determining the important effects of reactor wall temperature and variable gas properties on flow stability and convective heat transfer. The parameters that were varied are the spin Reynolds number, Re,, the disk mixed convection parameter, MCPd, and a new parameter, the wall mixed convection parameter, MCP,. The inlet Reynolds number, Rei, was varied so that the inlet velocity was equal to the asymptotic velocity for the corresponding infinite rotating disk (ie. the "unstarved" flow case).
The influence of variable transport properties was investigated by comparing results for He and NH3.
The results for NH3 show that increasing Re, from 314.5 to 3145 increases the uniformity of the rotating disk heat flux and results in thinner thermal boundary layers at the disk surface. At Re,= 314.5, Distance from disk -cm (a) Centerline velocity distribution Distance from disk -cm (a) Centerline velocity distribution 
